Introduction
Coal-based thermal power plants provide almost 28 % of world's primary energy consumption and a 36 % of all CO 2 Hayashi et al. 2013 ) have been made in very small laboratory diffusion flames using methane as a carrier, which demonstrated the feasibility of the diagnostics and interpretation. Other studies (Smith et al. 2002) have used Mie scatter as a qualitative index for flame structure.
The present work is an advancement of the initial work carried out by Pickett et al. (1999) , Hwang et al. (2005) , Toporov et al. (2008) and Balusamy et al. (2013) to demonstrate how Mie scatter/OH PLIF, LDV and LII can be used in the study of the structure of swirling, turbulent, oxygenenriched pulverized coal flames. Furthermore, this work identifies under which conditions OH PLIF and Mie scatter can be usefully employed in combination with LII to determine the extent of reaction, interpret the flame structure and heat release rate. Along the way, some of the pitfalls in such imaging measurements are identified, and possible alternatives to advance the measurements are suggested.
Experimental methodology

Laboratory-scale coal burner
Experiments are performed on an atmospheric, unconfined axisymmetric coal burner (Fig. 1 ). This burner has been used in previous studies, in which the flow field was characterized using LDV and PIV during the combustion of pulverized coal (Balusamy et al. 2013 ). The original burner design was modified to obtain higher overall reaction rates with the introduction of a central bluff body for flame stabilization (Fig. 1a) . The resulting configuration consists of three coaxial tubes of 2 mm thickness, a swirler and a ceramic bluff body. Pulverized coal particles are transported to the central annulus of the burner by a mixture of metered gases. An outer pilot flame, consisting of a stoichiometric mixture of methane and air, is stabilized on the outer annulus above the axial swirler. A central flame, fueled by the incoming mixture of methane, coal, oxygen, and diluent nitrogen or carbon dioxide, is stabilized on the bluff body. The outer pilot flame and the inner coal-methane flame supply sufficient energy to ignite the coal particles and to support their reaction. A laminar co-flow stream is established in the outer annular region to isolate from external flow disturbances, providing well defined boundary conditions. The axial swirler consists of eight evenly spaced vanes of 1 mm thickness at an angle of 45 • to the central axis. The swirl number, defined as the ratio of tangential to axial momentum, is estimated from the geometry (Kihm et al. 1990 ) as 0.77. Figure 1b depicts the experimental setup of the coal burner. A screw feeder (K-Tron, K-MV-KT20 twin screw) is used to supply the pulverized coal particles to an eductor (Schutte and Koerting). The mass flow rate of coal is metered by regulating the rotational speed of the DC motor driving the twin screws of the feeder. The carrier flow through the eductor entrains coal particles and transports them to the central annulus of the burner. The flow rates of the carrier air and CO 2 are metered individually through a mass flow meter (Alicat, M-100SLPM-D) using a finecontrol needle valve. The flow rates of the carrier methane, carrier O 2 , pilot air, pilot methane and co-flow air are regulated by mass flow controllers (Alicat MCR-D series) with an accuracy of ±1.0 % of full scale. The unburned coal and ash particles are collected from the exhaust with the use of a cyclone, and the flue gas free of particles is released to the atmosphere.
The coal sample used in this study, obtained jointly by the EPRSC/EON Oxyfuel Network as representative of those used in UK power plants, originated from El Cerrejon, and its properties are given in Table 1. The particle  size distribution obtained by sieving is shown on the table: Around 50 % of particles by mass are smaller than 75 μm, another 40 % are between 75 and 500 μm, and remainder are above 500 µm in size. The particle relaxation time corresponding to the diameter of 75 µm for a coal density of 640 kg/m 3 is around 10 ms, with an associated Stokes number of around 6, which clearly indicates that most of the particles may not follow the gas flow and turbulent fluctuations.
Test conditions
The test cases have been selected to study the effects of the (1) coal feeding rate for a fixed mass flow of oxidizer (2) O 2 /CO 2 ratio. In all cases, the carrier gas volume flow rate is kept constant. This allows comparison of particle velocities under various test conditions for a fixed bulk velocity of carrier stream. The flow rates for the pilot and coflow streams are kept fixed for all cases, as given in Table  2 . The coal feeding rate is varied by a factor of three for a fixed carrier gas composition (30 % O 2 /70 % N 2 ). The enrichment of oxygen in the carrier stream relative to air is essential to stabilize the coal flame on the bluff body. In Table 3 , the carrier gas equivalence ratio φ CH 4 is calculated using the carrier gas composition excluding the coal supply. The bulk equivalence ratio is based on both coal and methane flow rates. The thermal input from the carrier methane flow (0.5 m 3 /h, 0.1 g/s) alone is around 4.9 kW. This additional heat input, together with the outer pilot flame, helps to ignite the pulverized coal particles supplied at ambient temperature in this open-type coal burner. The pilot conditions are kept stoichiometric, based on standard air (21 % O 2 /79 % N 2 ). To study the effect of O 2 /CO 2 composition, three test cases (O1, O2 and O3) are gathered under constant coal mass flow rate with various gas compositions of the carrier flow. In those cases, the presence of N 2 (6 %, 0.3 m 3 /h) is due to the ingress of air flow into the carrier stream through the screw feeder unit.
Optical diagnostic techniques
Laser Doppler velocimetry
Particle velocities are measured via the LDV technique. A dual-beam LDV system is utilized in the forward off-axis (30 • ) scattering configuration as shown in Fig. 2 . The system consists of an Ar ion laser (Spectra-Physics Stabilite 2017) operating with green (514.5 nm) and blue lines (488 nm) with a maximum power of 2 W, transmitted via fibers (Fibre-flow, Dantec) with a Bragg cell frequency shifter module on one of the beams to achieve directional sensitivity, and emitting through a 500 mm focal length lens to form the probe volume. The burst signal generated by the particles crossing the probe volume is collected through a Nikon Micro Nikkor 105 mm lens (f/2.8), a 100 µm pinhole, a photomultiplier outfitted with a color separator and a burst spectrum analyzer interfaced to a computer for the data processing. The photomultiplier is operated at 1600 V with signal gain of 24 dB. The minimum record length is set to 32 (number of samples of the shortest record length in auto-adaptive mode), and the maximum record length is set to 256 (number of samples of the longest record length in auto-adaptive mode). Level validation is fixed to 8 (ratio between the two highest peaks in the burst spectrum) for strict filtering. For each position, at least 2000 data points are obtained at a maximum data rate of 10 kHz. Axial and radial velocities (u and v) are measured with Configuration 1, in which the crossing vertical and horizontal planes are traversed along the centerline of the burner, perpendicular to the direction of beam propagation. The axial and tangential velocities (u and w) are measured with Configuration 2 as shown in Fig. 2 , in which the vertical and horizontal planes are traversed along the centerline of the burner along the direction of the beams. The geometrical dimensions of the probe volume are 3.46 × 0.14 × 0.14 mm 3 , which after factoring in the magnification of the lens, off-axis configuration and the pinhole in the receiver result in a probe volume of 0.91 × 0.14 × 0.13 mm 3 . For measurements of the gas velocity, 1 µm calcined aluminum oxide (Al 2 O 3 ), or alumina, is used as the seeder for all streams, including pilot and co-flow. For measurements with coal, the latter is used as the scattering particle in the carrier stream (no alumina particles), with other streams unchanged. This means that measurements are only possible while there are a sufficient number of particles in the flow. Once the coal particles devolatilize to a large extent in the product region, they no longer scatter, so that the data rate decreases, and measurements reflect a concentration-weighted measure of velocity. The alumina particles are introduced into the flow streams by using fluidized bed generators. The seeding density is adjusted by regulating the bypass flow ratio, which is optimized to achieve maximum data rates.
Mie scatter/planar laser-induced fluorescence
The simultaneous measurement of Mie scatter and OH PLIF is realized by using the combined Mie/PLIF techniques as shown in Fig. 3 . A Nd:YAG laser (Litron Nano PIV, 532 nm, 20 mJ/pulse) is used to illuminate the pulverized coal particles to generate Mie scatter. For the OH PLIF measurements, the transition of the A 2 Σ + − X 2 Π(1, 0) band at 283.19 nm is excited, and fluorescence from the A − X(1, 1), (0, 0) and B − X(0, 1) bands between 306 and 320 nm is detected. The PLIF laser system consists of a frequency-doubled Nd:YAG laser (Continuum, Surelite II, 532 nm, 300 mJ/ pulse) and a tunable dye laser (Sirah CSTR-G-2400) with Rhodamine 6G dye in Ethanol solvent, and a second harmonic generator, which generates a UV beam of approximately 12 mJ pulse energy at 283.199 nm. The two laser beams (283.199 and 532 nm) are optically combined by a dichroic mirror, and the overlapped laser sheets are formed using a combination of spherical (f = 500 mm) and cylindrical lenses (f = 75 mm, f = −25 mm, f = 100 mm). The typical thicknesses of the visible and UV laser sheets at the imaging area are 800 and 500 µm, respectively. The Mie scatter signal from the coal particles is imaged using a CCD camera (LaVision Imager Pro X 4M, 1024 × 1024 pixels) equipped with a Nikon AF Micro Nikkor 60 mm lens (f/4) and a 50 mm interference filter Table 3 Test matrix a Equilibrium calculations using the actual heating value and composition of coal, with thermodynamic properties from Kee et al. (1993) Case Flow rate coal mass (g/s)
Volume flow rate (m 3 /h, STP) (LOT-Oriel, center wavelength = 532 nm, half bandwidth = 9.42 nm, peak transmission = 64 %). The fluorescence from the excited OH radical is imaged onto the ICCD camera (LaVision Nanostar, gain 50 % and gate 100 ns, 512 × 512 pixels) fitted with a UV lens (Nikon, UV-Nikkor, 105 mm, f/4.5) and optical filters (Schott WG-305 and UG-11, about 55 % total transmissivity). The synchronization of laser units with cameras is realized using a programmable timing unit (PTU) from LaVision and a pulse delay generator (SRS, DG535). For each test point, 1000 Mie scatter and PLIF images are acquired at an acquisition rate of 10 Hz. All the images are postprocessed to account for the mean background noise and the spatial non-homogeneity of the laser sheet. The spatial resolution is about 59 µm/pixel for Mie scatter images and 121 µm/pixel for OH PLIF images.
Laser-induced incandescence
The LII technique is employed to measure the spatial distribution of the soot volume fraction of coal combustion. The LII setup is schematically depicted in Fig. 4 . A Nd:YAG laser (Litron Nano PIV, 532 nm, 75 mJ/pulse) is used as illumination source. A laser sheet is formed using a combination of spherical (f = 500 mm) and cylindrical lenses (f = 75 mm, f = −25 mm, f = 100 mm). The imaging unit consists of a CCD camera (LaVision Imager Pro X 4M, 1024 × 1024 pixels) equipped with a gated intensifier (LaVision IRO, gain 75 % and gate 100 ns) and a Nikon AF Micro Nikkor 60 mm lens (f/2.8). The LII signal is collected at 430 nm through a band-pass filter (Thorlabs FB430-10, center wavelength = 430 nm, half bandwidth = 10 nm, peak transmission = 46 %). In order to avoid the signal emitted by the fluorescence of PAHs, the intensifier timing is delayed by 500 ns from the beginning of laser pulse. The laser sheet profile is obtained from the dye cuvette filled with Rhodamine 6G dye in ethanol solvent using a CCD camera (LaVision Imager Pro X 4M, 1024 × 1024 pixels) equipped with a Nikon AF Micro Nikkor 60 mm lens (f/5.6) and a band-pass filter centered at 600 nm. A slit is used to eliminate the lowenergy regions of the laser sheet, and a homogeneous laser energy profile is obtained in the imaging area. The laser energy is optimized to achieve maximum LII signal intensity (Hayashi et al. 2013) . The shot-to-shot variation of laser energy is <2.5 % of mean energy, which eliminates the shot-to-shot energy correction of LII images. For each test point, 2000 LII images are acquired at an acquisition rate of 10 Hz. All the images are postprocessed to eliminate the mean background noise. The spatial resolution of the LII images is about 64 µm/pixel and the imaging area is 65.8 × 65.8 mm 2 .
Results and discussion
Flame shape
Direct photographic images of pilot methane-air flame and pulverized coal flame for oxygen-enriched air and oxyfiring conditions are shown in Fig. 5 . The exposure time is 20 ms (1/50) for gas-only flames and 0.25 ms (1/4000) for coal flames. The images with gas-only feeding show the inner lean flame produced by the carrier methane flow, stabilized on the bluff body lip and the inner tube rim, as well as the swirl-stabilized outer stoichiometric pilot flame. We observe the effect of exchanging N 2 for CO 2 on the gas-only flame in Fig. 5b : for the lower intensity, colder inner flame is barely visible. This is consistent with a calculated change in equilibrium product temperature from 2095 K to 1713 K. The inner flame becomes shorter, with an increase of O 2 concentration in case (c). Figure 5d , e shows the effect of CO 2 on the coal flame. The very luminous coal flame under enriched air (d) becomes less reactive in case (e) when CO 2 is added. The enrichment of O 2 concentration in the carrier stream from 30 to 45 % increases the reaction rate in case (f), leading to higher radiative emissions. The effect of CO 2 on flame structure is examined in later subsections.
Mie scatter measurements
The Mie scatter measurements reveal the two-dimensional spatial distribution of particles. Figure 6 shows Mie scatter images for non-reacting flows (NRF) and reacting flows (RF). A higher resolution region of interest (ROI) is extracted from the centerline of images (a) and (b) to show the scatter in detail in (e) and (f), respectively. In the NRF case, the coal-laden flow shows the large-scale eddy structures of the inner flow mixing with the outer air, which are In the non-reacting case, we observe significant nonuniformity shown in detail (e), which appears due to the range of coal particle sizes, with a baseline of alumina particles. The overall non-reacting mean image (c) shows the mixing along the outer shear layer and, interestingly, a lower intensity behind the bluff body. The latter is probably a result of the fact that only small particles follow the recirculation zone, with larger particles convected downstream. In contrast, the RF case (b) shows that the Mie signal largely disappears across the flame zone. There is intense Mie signal in the unreacted flow at the base, between the two branches of the outer pilot flame and the bluff body stabilized flame. The Mie signal cloud largely disappears across the flame zone, with the exception of isolated large spots, which sometimes appear as streaks. A detail of the reacting case just above the burner shows the presence of particles, with luminous wakes in their downstream region (f). The streaky spots emitting in this region arise from the luminosity generated by the localized combustion of the larger coal particles that have survived the flame-light is collected using a notch filter at 532 nm, which also collects a small amount of light from the broad flame luminescence around the particle wake. The wake arises due to the lower velocity of the particles relative to the surrounding flow (McLean et al. 1981; Prins et al. 1989 Saito (1987) shows that oxidation of the remaining char is a much slower process, with oxidation times of the order of 200-300 ms at the same temperature. At the given bulk velocities of 5-10 m/s, the transit times through the flame are rather shorter, and full devolatilization of large particles could not happen within the sub-millisecond residence times across the flame zone. However, additional factors would contribute to the Mie signal disappearance: (a) the large number of smaller particles contributing to the signal, and the fact that the devolatilization time should depend on the square of the initial size of the particle, (b) the dependence of the Mie signal on the fourth power of the scattering particles, thus changing faster than the diameter itself, and (c) devolatilization changes the structure of the particle, so that one would expect increasingly less scatter and more transmission, possibly leaving networks of oxidizing char particles behind. This provides a rich source of gaseous hydrocarbons to react with the surrounding oxygen, increasing the local temperature and thus the mixture flame speed. Therefore, devolatilization is consistent with the observation of the sudden decrease in Mie scatter signal, as well as the shorter flame regions with increasing coal loading, which is discussed further on regarding the OH PLIF images.
Although the coal particles are nonspherical in shape, with wide size distribution and strong variation in particle density associated with coal particle devolatilization (Kalt et al. 2007) , one can consider the relationship between the integrated Mie signal for the entire image for different coal-loading rates. The total Mie scatter signal increases linearly with the coal mass flow rate in both the RF and NRF cases as shown in Fig. 7 . The difference in the total signal between reacting and non-reacting cases arises due to the disappearance of strongly scattering particles downstream of the main flame and should therefore be related to the rate of devolatilization and reaction of the original coal particles.
OH PLIF measurements of gas and coal flame
The OH PLIF images reveal the gas and coal flame structure for various gas compositions as shown in Fig. 8 . In all cases, the OH PLIF signal is present in the burned gas region, peaking in the region of the outer pilot, as well as the inner pilot anchored on the central bluff body. The instantaneous images (left and middle column) show that the mean signal decreases from the right to the left side of the image, due to absorption of the UV light by the combustion gases. The images for the gas-only flames (left column) clearly show the boundaries between the unburned and burned gases. Considering the gas-only left column, the flame length increases from the top row (a) (A3) to the middle row (b) (O3), as CO 2 is added to the inner mixture, and becomes longer as more CO 2 is added from the middle to the bottom row (c) (O1). The behavior of the gas-only OH PLIF is related to the overall equivalence ratios and consequent temperatures, which change from 2095 K for the top row (A3) to 1833 K for the middle row (O3), and drops further to 1713 K for the bottom row. Since this is an overall lean gas mixture, OH concentrations and reactivity increase with increasing the temperature, so that the flame length decreases as the O 2 /CO 2 ratio increases from the bottom to the top row. Further, one can observe attenuation of the OH PLIF signal from right to left, which indicates absorption of laser light, as well as of the emitted signal by the flame products (several species absorb in this range, particularly CO 2 ), so in the following discussion only the right-hand side of the images is considered.
The middle column shows the OH PLIF images for the corresponding combined gas and coal flames, and the rightmost column shows averages of the right-hand half of all images, for gas and gas plus coal. Compared to the gas-only images on the left column, the coal-gas flame as marked by the OH PLIF interface is shorter for cases A3 (a) and O3 (b), which have higher temperatures than the O1 (c). As argued in connection with the Mie scatter images, the coal particles also act as a source of gaseous combustible hydrocarbons, which locally increase the gas phase equivalence ratio, contributing to the increase in flame speed and shortening the flame brush. The OH signal is somewhat lower in the coal-laden case (middle column) than the gas-only case (left column), particularly in case A3 (a). Given that OH concentrations in most hydrocarbon flames peak slightly in the slightly lean range, the addition of devolatilized hydrocarbons near the base of the flame pushes the equivalence ratio toward just over the stoichiometric and rich range (to about 1.2 assuming full oxidation of the 30 % of volatiles present), increasing the flame speed, but lowering OH concentrations, in agreement with the comparison between A3 with and without gas (top row). In addition, any CO from coal oxidation reactions should quickly react with OH, further depressing concentrations. At higher oxygen concentrations [case O3, middle row (b)], OH concentrations are also somewhat lowered relatively to the gas phase, but not as significantly as in the high CO 2 /O 2 case O1 (c). For this last case O1, the already low OH signals for the gasonly flame are also lowered relatively to the baseline case. Although there is devolatilization and a slight narrowing of the inner flame relatively to the gas-only case, the overall OH PLIF signal is yet lower, which suggests further signal trapping by any additional CO 2 produced.
Simultaneous Mie and OH PLIF, and LII: effect
of coal mass flow rate Figure 9 shows the simultaneous instantaneous images of Mie/OH PLIF (left column) and randomly sampled, nonsimultaneous instantaneous LII measurements (right column). The results are obtained for a fixed composition of carrier gas (30 % O 2 /70 % N 2 ) and increasing loading rates of coal. The regions of high Mie scatter signal are in exact agreement with the unburned region as marked by the OH PLIF image. The overlap suggests that the coal particles, which provide the Mie scatter signal, devolatilize very fast as they cross the high-temperature flame region, so that there is little Mie signal from particles downstream of the flame. The hydrocarbons and other gases emerging from the devolatilized coal burn in the high-temperature region, contributing to the flame heat release, but not increasing the OH PLIF levels significantly. As discussed previously, this reflects the fact that the burning coal generates only low amounts of OH relative to the carrier gas mixture, owing to the low H/C ratio and overall rich conditions. The LII signal on the right-hand side column appears in the central product region. The LII signal arises from the instantaneous heating of particles to very high temperatures (around 4000 K) by the action of the laser energy. If the particles are as large as coal particles, the energy in the laser beam is insufficient to bring the particles to high temperatures, so no LII signal arises for the non-reacting flow condition. A test for interference was performed by collecting background images of reacting flows without the LII laser, which showed negligible interference from thermal emission and soot. This means that the signal arises from laser heating of small soot particles arising from the rich burning conditions downstream of the flame, or possibly small unburned coal particles with similar properties.
As the coal loading increases from the top to the bottom row, the following features are observed: (1) The inner gaseous flame becomes shorter, but still overlaps with the inverse of each Mie scatter image, (2) an increased number of individual Mie scatter particles appear downstream of the flame interface, (3) an increase in LII signal intensity, a higher population of soot regions, and the appearance of streaky spots and (4) a decrease in OH PLIF intensity along the central region. The shorter flame region can be explained by the increased energy loading and higher temperatures, as explained above. The increased number of Mie scatter particles downstream of the flame arises both from the incomplete volatilization of coal particles and from increased amounts of soot formed. The increase in LII signal intensity and frequency confirms the presence of sooty particles. The discrete streaky spots in LII and Mie images do not arise from a time exposure of the camera, as this is very short (100 ns), but rather from the LII signal marking soot formation in the wake of burning coal particles. The wake arises because the solid particles move slower than the mean gas flow surrounding them.
The corresponding time-averaged images are shown in Fig. 10 . The observations made about the instantaneous images are confirmed by the mean images. The gas expansion in the radial direction is observed with an increase in the coal feeding rate. Given that the gaseous carrier is unchanged, the gas expansion and the increase in LII signal reflect the fact that the coal heat release is contributing to the rise in the local flame temperature and thus to a faster turbulent flame. In the case of the highest coal loading (case A3), the OH PLIF signal disappears near the center of the flame where the Mie signal reappears, and the LII signal reaches a maximum intensity. The presence of Mie signal together with the absence of OH PLIF signal, combined with the high-intensity LII signal in this region, reflects the lack of oxygen in these globally rich mixture conditions (φ bulk = 2.3) and consumption of any remaining oxygen by the devolatilized hydrocarbons and coal particles breaking through the main flame. As observed before (Hayashi et al. 2013) , the low concentration of oxygen and the high temperatures enhance soot formation greatly. This is also reflected in the increased Mie scatter from soot particles in the center of the product region further downstream at high coal-loading rates.
Simultaneous Mie and OH PLIF, and LII: effect of O 2 /CO 2 ratio
The effect of O 2 /CO 2 ratio is studied under a fixed coal feeding rate (0.46 g/s). Figure 11 shows instantaneous images of Mie/OH PLIF and LII measurements taken for various carrier gas compositions, shown on the same intensity scale as Fig. 9 . The spatial distribution of the fresh coal particles in the Mie scatter image is again in exact agreement with the unburned region as marked by OH PLIF image, and the LII images show a much lower soot formation in the oxy-firing cases in comparison with the enriched air-firing cases. As observed previously in Fig. 8 for OH PLIF, the flame becomes comparatively very long and narrow when the temperatures are lowered by CO 2 addition, but the features of the Mie scatter images are represented almost exactly as a negative of the OH images, showing that even at the lower temperatures, the particles devolatilize to a large extent. However, the observations point out that as the temperature decreases at this high coal loading (top and middle row, compared to bottom row), a larger fraction of the particles escapes devolatilization into the product region. However, the LII shows little soot formation under these conditions of comparatively high coal loading and low temperatures. The temperatures and oxygen concentrations become too low for soot formation, so only little LII signal is obtained downstream.
The time-averaged images further confirm the above observations as shown in Fig. 12 . The mean LII images reveal some additional features: the concentration of soot particles appears higher near the outer pilot flame compared to the inner zone, but those concentrations decrease as the O 2 concentrations increase. This can be explained by the fact that the adiabatic temperatures of the outer pilot flame (2223 K) are significantly higher than the inner regions (1713 K) when CO 2 concentrations are high, so that more soot forms in the higher temperature regions near the interface of the outer pilot. As the O 2 concentrations increase further on the core inner flame, the temperatures and O 2 concentrations increase, promoting more soot formation in the inner product zone.
Velocity measurements
Quantitative velocity measurements of the flow field have been produced in order to provide appropriate boundary conditions and data for comparison with CFD models. Measurements for both non-reacting and reacting conditions were made, at distances 2, 10, 20 and 30 mm from the burner inlet. In most cases, the coal particles start to disappear above z = 30 mm, so the measurements are restricted to be within 30 mm from the burner face, in order to collect sufficient signal from coal particles. Since Mie scatter signals from small particles are lower, the LDV measurements . Left side simultaneous Mie/OH PLIF images, right side LII images. a Case O1 (30 % O 2 /64 % CO 2 /6 % N 2 ), b O2 (40 % O 2 /54 % CO 2 /6 % N 2 ) and c O3 (45 % O 2 /49 % CO 2 /6 % N 2 ). OH PLIF images are normalized by the maximum intensity of gas-only flame (case A3). Mie scatter images are normalized by the maximum intensity of case A3. LII images are normalized by the maximum intensity of ICCD camera will arise from the small number of small particles surviving devolatilization, in a particle-weighted average. The gas phase velocities on the outer zone are obtained by LDV measurements by seeding alumina into the outer pilot, as well as into the inner region when no coal was employed. The coal particles act as scatterers for the coal and gas velocities, and represent the velocity of the lighter fractions of the coal particles (Balusamy et al. 2013) . Two components of the velocity are obtained at a time, providing measurements of the three velocity components.
The radial distribution of mean and RMS velocities of axial (u), radial (v) and tangential (w) velocity components measured at z = 2 mm above the burner exit for NRF (case A3) is shown in Fig. 13 . The mean axial velocity component is dominant by comparison with the radial and tangential velocity components in the inner flow region. The recirculation zone above the bluff body is well captured by the LDV measurement, as indicated by the negative axial velocities above that region. The shear layer location is revealed by the peak RMS velocity of the axial component. The absolute values of the mean velocity (Ū) and RMS velocity (U ′ ) are calculated from the three velocity components using:
LDV measurements are carried out over only half of the burner due to the good axisymmetry of the flow field so as to shorten the acquisition time. The random errors introduced into the mean and RMS velocity measurements due to the finite sample size duration ( ∼ 10,000 data points per measurement location) are 1.4 and 1.8 %, respectively, for a 95 % confidence interval (Benedict and Gould 1996) .
Since the cross-stream velocity values are small, in the next few plots only the absolute velocities are represented.
(
(c) The radial distribution of the absolute velocities for gasonly and coal-laden flows under non-reacting conditions (case A3) is shown in Fig. 14. The profiles of the gas-only and coal-laden cases are largely identical, with the exception of a slight discrepancy in RMS velocities, particularly at z = 2 mm. This has been attributed to the larger size of the coal particles, which cannot quite follow the turbulent fluctuations (Balusamy et al. 2013) . The good agreement between the velocity measurements of alumina and coal seeded flow, including the RMS velocities, indicates that most of the valid LDV signals are collected from smaller coal particles. The evolution of velocity profiles along the downstream locations indicates a broadening of the jet, which is well captured by Mie scatter measurements (Sect. 3.2). Figure 15 shows the radial distribution of absolute mean and RMS velocities at various downstream locations for enriched air-fired cases A1 and A3, compared to the gasonly, alumina-seeded case. The mean profiles are largely similar to all three cases, but at the higher coal loadings (A3) the heat release rate creates further gas expansion, so that the velocity profiles of case A3 are wider than in the baseline case without coal. Smaller differences are apparent at the base (z = 2 mm), with the gas-only profile shifted outward relative to the coal-laden cases. The RMS fluctuations are clearly different between the three cases, particularly further downstream: Higher RMS fluctuations appear for the highest coal loadings. Larger particles would usually create lower RMS fluctuations if they cannot follow the flow, but the high RMS values appear within the product region, where the particles become small or formed lighter char particles and can therefore more easily follow turbulence fluctuations. The mean velocity profiles at axial locations of 20 and 30 mm show an increase in coal particle velocities for the rich mixture (case A3) with the radial shift due to the gas expansion by the increase in flame temperature with the increase coal combustion. This is not observed for the low coal feeding rate (case A1) condition due to the lower coal devolatilization rate and subsequent burning, as evident from the low soot formation (Sect. 3.4). Figure 16 summarizes the effect of the gas composition on the coal flame structure as well as the coal burning rate. With the replacement of N 2 by CO 2 , the flame region becomes a narrow channel, due to the absence of gas expansion, and its flame speed as well as turbulent fluctuations decrease due to the drop in coal devolatilization and burning rate.
Conclusions
We have successfully deployed simultaneous Mie and OH PLIF imaging techniques to investigate the structure of cofired coal-methane piloted flames under a range of diluent and flow conditions. Additional LII measurements showed where soot particles are formed in the product zone, and pairwise two-dimensional LDV measurements showed how the velocities vary under these conditions. The results show that a gaseous reaction zone, stabilized by the methane co-firing gas, stabilizes at the bluff body and burner lip edges. Coal particles cross this front, ignite and devolatilize across the flame, promoting a sudden decrease in Mie scatter signal across the flame interface. At high coal particle loading rates, larger particles survive the flame front and continue to burn downstream in luminous streaks. As the heat capacity of the diluent flows increases, product gas temperatures decrease, and the inner flame region becomes long narrow, extending beyond the field of view. As the O 2 concentration increases, product temperatures increase and the flame height decreases. High coal-loading rates lead to increased product temperatures and reaction rates, as evidenced by shorter flame zones. LII signals indicate that soot is formed in discrete regions in the wake of burning coal particles, which appear as streaky spots both in LII and in Mie scatter images. Finally, velocity measurements show the role of fuel loading and oxygen enrichment on the increased heat release rate and gas expansion, while turbulent velocity fluctuations reflect the effect of particle size changes in the overall mixture. The database generated can be obtained from the authors for validation of CFD models.
